-methyl-(N )-methanocarba-2Ј-deoxyadenosine-3Ј,5Ј-bisphosphate (MRS2279) was developed previously as a selective high-affinity, non-nucleotide P2Y 1 receptor (P2Y1-R) antagonist
6
-methyl substitution in the adenine base to incorporate [ -methyl-2Ј-deoxyadenosine-3Ј,5Ј-bisphosphate (MRS2179; K i ϭ 84 nM), adenosine-3Ј, 5Ј-bisphosphate (K i ϭ900 nM), and pyridoxal phosphate-6-azophenyl-2Ј,4Ј-disulfonic acid (K i ϭ 6 M) that were in good agreement with antagonist activities of these molecules previously determined at the P2Y1-R in intact tissues. Moreover, Physiological responses to extracellular nucleotides occur in most tissues (Dubyak and El-Moatassim, 1993; Ralevic and Burnstock, 1998) . These effects occur through both ligand-gated ion channel P2X receptors and the G proteincoupled P2Y receptors. P2X receptors are activated predominantly by ATP (Khakh et al., 2000) . In contrast, the individual P2Y receptors exhibit notable differences in agonist selectivity (Harden et al., 1998a,b) , and the cognate agonists for these metabotropic receptors include not only ATP (P2Y 11 receptor), but also ADP (P2Y 1 , P2Y 12 , and P2Y 13 receptors), UTP (P2Y 4 receptor), UDP (P2Y 6 receptor), or both ATP and UTP (P2Y 2 receptor). A diverse family of ectoenzymes and extracellular enzymes hydrolyze and interconvert extracellular nucleotides (Zimmermann, 1996) , in some cases inactivating cognate agonists for one or more P2Y receptors while producing the cognate agonist of another P2Y receptor . Only a nascent knowledge has accrued of the functional relationship between the ectoenzymes capable of hydrolyzing extracellular nucleotides and the receptors capable of transducing their binding into cellular signaling responses.
The pharmacological armamentarium for P2Y receptors is limited. Few if any agonists exist that exhibit high-affinity selectivity among the P2Y receptors as well as resistance to ectoenzyme-catalyzed metabolism. Receptor-selective highaffinity antagonists of the various P2Y receptor subtypes also at ASPET Journals on June 21, 2017 molpharm.aspetjournals.org
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have not been generally available (Harden et al., 1998a; Khakh et al., 2000) . Thus, pharmacological delineation of the role of a given receptor subtype in a given physiological response has often been difficult. Given the lack of effective pharmacological agents for the study of this important and broad class of signaling proteins, it is not surprising that generally useful and reliable radioligands that allow direct quantitation of P2Y receptors in mammalian tissues also have not been available.
We have made significant progress in the past 6 years in the chemical syntheses of receptor-selective antagonists of the P2Y1-R. This drug development originated from the observation that adenosine bisphosphate molecules were competitive antagonists of the P2Y1-R (Boyer et al., 1996a) and has evolved to the identification of at least three different series of non-nucleotide bisphosphate antagonists of these receptors Kim et al., 2000 Kim et al., , 2001 Nandanan et al., 2000) . We recently reported that one of these molecules, MRS2279, exhibits a K B of approximately 10 nM for the turkey and human P2Y1-R . Given the high affinity of this molecule and its high selectivity of association with the P2Y1-R versus other P2Y receptor family members, we hypothesized that a radioactive form of MRS2279 might provide a radioligand for direct quantitation and characterization of P2Y receptors in various tissues. Thus, [
3 H]MRS2279 was synthesized to high specific radioactivity. We report here that this molecule is a reliable radio probe for the P2Y1-R under conditions in which the receptor is either heterologously expressed in various cell types, solubilized and maintained in detergent solution in a soluble form, or natively expressed in human or rat tissues.
Materials and Methods
Precursor for Synthesis of MRS2279. We described previously in detail the synthesis of MRS2279 . The presence of a methyl group in the N 6 position of the adenine base of MRS2279 made possible the synthesis of radiolabeled MRS2279 using high specific activity [ 3 H]methylamine. Therefore, we synthesized the bisphosphate molecule 6 as a precursor for synthesis of [ 3 H]MRS2279 in a final step using [ 3 H]methylamine (Fig. 1) . 2,6-Dichloropurine 1 was coupled with dibenzylether 2 through a standard Mitsunobu procedure (PPh 3 , DEAD, THF, 0°C to room temperature, 2 h) to give 3 in 69% yield. The two O-benzyl protecting groups were removed by treatment of 3 with boron trichloride at low temperature, which afforded diol 4 in 60% yield. Bis-phosphorylation on diol 4 was carried out using the phosphoramidite method (Perich and Johns, 1988) . Synthesis of the tert-butyl phosphate ester 5 was accomplished in 55% yield by treatment of diol 4 with di-tert-butyl diethylphosphoramidite and tetrazole in THF, followed by oxidation with m-chloroperbenzoic acid. Bis-phosphate 6, the precursor for [ 3 H]MRS2279, was synthesized upon deprotection of the t-butyl groups under acidic conditions (5% trifluoroacetic acid in methylene chloride in 56% yield). The bis-phosphate was stored as the triethylammonium salt instead of ammonium salt due to the susceptibility of the 6-chloro group on the adenine moiety to attack by nucleophiles. Conditions were optimized for efficient conversion of 2,6-dichlorobis-phosphate 6 to MRS2279 by treatment with 40% methylamine in water. All materials were characterized by 1 H NMR, 31 P NMR, and by low-or high-resolution mass spectroscopy. The resulting spectral data were consistent with the structural assignments. Radiochemical Synthesis of [ 3 H]MRS2279. Molecule 6 was prepared as above, and preliminary syntheses were carried out to optimize synthesis of nonradioactive MRS2279 from the bisphosphate molecule 6 and methylamine. These conditions then were applied to the synthesis of [ 3 H]MRS2279. [ 3 H]Methylamine hydrochloride (145 mCi; specific activity, 88.98 Ci/mmol, 1.63 mol) was dissolved in water (0.1 ml), and the pH was adjusted to 9 with diisopropylethylamine (3 l). Compound 6 (0.53 mg, 1.12 mol) was added, and the resulting mixture, pH 9.0, was stirred for 72 h at room temperature. The reaction mixture was subjected to preparative reverse phase HPLC using an Ace C18, 5 m, 100 Å, 10 ϫ 250 mm column and a linear gradient of 1% triethylamine acetate, pH 4, with acetonitrile (7 to 30% over 30 min). Approximately 3.0 mCi of [ 3 H]MRS2279 was purified with a retention time of approximately 20 min.
P2Y1-R Expression in Sf9 Insect Cells. Recombinant baculoviruses encoding the human P2Y1-R, P2Y2-R, or P2Y12-R flanked by a carboxyl-terminal hexahistidine tag and an amino-terminal signal sequence (MKTIIALSYIFCLVFA) followed by a FLAG epitope (DYK-DDDA) were constructed by established protocols using the pVL-1392 transfer vector. Cultures of Sf9 cells (1.2 liter; ϳ1.5 ϫ 10 6 cells/ml) were infected with recombinant baculovirus (multiplicity of Fig. 1 infection ϭ 2) and incubated in spinner flasks for 48 h at 27°C. Sf9 cell plasma membranes expressing the tagged receptors were prepared by the following protocol. Cultures were centrifuged for 10 min at 550g (JA-14 rotor; Beckman Coulter, Fullerton, CA), and the cell pellet was resuspended in 120 ml of cavitation buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 2 mM ␤-mercaptoethanol, 100 g/ml phenylmethylsulfonyl fluoride, 100 M benzamidine, and 100 g/ml Ntosyl-L-phenylalanine chloromethyl ketone), incubated at 600 psi for 1 h at 4°C in a Parr bomb, and disrupted by rapid release of N 2 pressure. The lysed cells were centrifuged at 450g (JS-4.2 rotor; Beckman Coulter) for 10 min, the pellet was discarded, and the supernatant was centrifuged at 30,000g (Beckman JA-14 rotor) for 30 min. The high-speed pellet was resuspended in 400 ml of cavitation buffer and centrifuged again at 30,000g for 30 min. The final pellet was resuspended to approximately 4 mg of membrane protein/ml in freezing buffer (cavitation buffer with 250 mM sucrose substituted for NaCl). The membranes were frozen in aliquots at Ϫ80°C.
Platelet Preparation. Outdated human platelets were obtained from the University of North Carolina blood bank 6 days after donation. Platelets were washed once by centrifugation (10 min at 1000g; JS-4.2 rotor) in a buffer consisting of 10 mM HEPES, pH 7.4, 137 mM NaCl, 2.7 mM MgCl 2 , 3 mM NaH 2 PO 4 , 5 mM glucose, 0.2% bovine serum albumin, and 0.05 U/ml apyrase. The washed platelets were resuspended to a final concentration of approximately 3 ϫ 10 10 platelets/ml and assayed intact or the platelets were ruptured either by freeze/thaw, sonication, or nitrogen cavitation, and washed platelet membranes were prepared by repeated centrifugation and resuspension in the above buffer without apyrase.
Rat Brain Membranes. Whole brains were obtained from adult female Sprague-Dawley rats and homogenized (1 g wet weight/20-30 volumes) in 20 mM HEPES, pH 7.5, 150 mM NaCl, and 2 mM MgCl 2 using a Polytron tissue disrupter (Brinkmann Instruments, Westbury, NY). The homogenate was centrifuged at 35,000g for 10 min, and the resultant pellet was resuspended in the same buffer. This centrifugation step was repeated two more times. The final resuspension was in 5 volumes of buffer and stored frozen as multiple aliquots at Ϫ80°C until needed.
Stable Expression of the P2Y1-R in Mammalian Cell Lines. 1321N1 human astrocytoma (Schachter et al., 1996) and CHO-K1 (Alvarado-Castillo et al., 2002) cell lines stably expressing hP2Y1-R were established as described previously by infection of the respective cell lines with recombinant retrovirus encoding the human P2Y1-R.
Radioligand Binding Assay. Membranes typically were incubated at 4°C with 5 to 7.5 nM [
3 H]MRS2279 (approximately 20,000-30,000 cpm) in 20 mM Tris, pH 7.5 at 4°C, 145 mM NaCl, and 5 mM MgCl 2 in a volume of 50 l. Saturation binding isotherms used concentrations of [ 3 H]MRS2279 ranging from 0.5 to 150 nM and were carried out in a volume of 25 l. Specific binding was usually defined as total [
3 H]MRS2279 binding minus binding occurring in the presence of a 10 M concentration of the P2Y receptor-specific antagonist MRS2179, or in some experiments, 10 M 2MeSADP. Incubations were for 15 to 60 min in an ice-water bath. Binding reactions were terminated by addition of 4 ml of ice-cold wash buffer (10 mM Tris, pH 7.5 at 4°C, and 145 mM NaCl) and rapid filtration over GF/A glass fiber filters. Each filter was washed with an additional 4 ml of ice-cold wash buffer. Radioactivity was quantitated by liquid scintillation spectrometry.
Digitonin Extraction of P2Y1-Sf9 Membranes and Partial Purification of the Recombinant P2Y1-R. Frozen P2Y1-Sf9 membranes were thawed and centrifuged at 46,000g for 30 min (JA20 rotor; Beckman Coulter). The membrane pellet was resuspended to a final concentration of 2 to 4 mg of membrane protein/ml in extraction buffer (20 mM HEPES, pH 8.0, 10% glycerol, 70 mM NaH 2 PO 4 , 100 M ADP, 5 mM ␤-mercaptoethanol, 1% digitonin, 15 mM imidazole, 500 mM NaCl, 100 M benzamidine, 10 g/ml aprotinin, 10 g/ml leupeptin, 100 g/ml phenylmethylsulfonyl fluoride, and 50 g/ml N-tosyl-L-phenylalanine chloromethyl ketone) and incubated for 2 h at 4°C with constant stirring. The extracted membranes were centrifuged for 1 h at 100,000g (Type 35 rotor; Beckman Coulter). The supernatant was batch-loaded on Ni-NTA agarose (1 ml bed volume) for 2 h at 4°C and the P2Y1-R was eluted from the resin with 250 mM imidazole.
Soluble Radioligand Binding Assay. Digitonin-solubilized P2Y1-R was incubated for 60 min at 4°C with 1 to 80 nM [ 3 H]MRS2279 in 20 mM Tris, pH 7.5 at 4°C , 145 mM NaCl, and 1% digitonin in a 25-l volume. Bound radioligand was separated from free [ 3 H]MRS2279 by Sephadex G-50 spin column [3-ml bed volume in Poly-Prep columns (Bio-Rad, Hercules, CA)] chromatography. G-50 columns were equilibrated with assay buffer and centrifuged at 900g (JS-4.2 rotor) for 10 s immediately before adding 20 l of the binding reaction to the center of a column. The bound radioligand was then eluted by centrifugation for 5 min at 1400g (JS-4.2 rotor). The eluate was collected directly in polypropylene minivials and quantified by liquid scintillation spectrometry.
ATP and ADP Metabolism by Sf9 Membranes. P2Y1-Sf9 membranes at the concentration (10 g/50 l) used in [ 3 H]MRS2279 binding assays were incubated with 10 M ATP or 10 M ADP for various times at 4°C. The incubation was stopped by transfer of aliquots into 5% trichloroacetic acid. Nucleotide concentration in the extract was determined after etheno-derivation as described previously (Huang et al., 2001) .
Data Analysis. All experiments were carried out in triplicate or quadruplicate assays and were repeated at least three times. Data are presented as mean Ϯ S.E.M. from combined multiple experiments or in some cases as a data set from a typical experiment.
Results
An iterative set of chemical syntheses, structure activity testing, and model building Camaioni et al., 1998; Kim et al., 2000; Nandanan et al., 1999 Nandanan et al., , 2000 led to identification of a high affinity antagonist of the P2Y1-R. This ring-constrained (N)-methanocarba bisphosphate molecule, MRS2279 (molecule 7, Fig. 1 ), does not interact with other P2Y receptors , and we anticipate that this non-nucleotide molecule also exhibits little if any binding to the multifarious nucleotide binding proteins in the genome of mammalian species. Thus, we reasoned that MRS2279 potentially would satisfy the characteristics needed for a generally useful radioligand for quantitation and characterization of the P2Y1-R. This hypothesis was tested as described below.
The presence of an N 6 -methyl group in MRS2279 allowed us to use high-specific activity [ 3 H]methylamine to synthesize [ 3 H]MRS2279 from the precursor molecule 6 as illustrated in Fig. 1 and as described under Materials and Methods. Pure radioligand with a specific radioactivity of 88.98 Ci/mmol was obtained. Additional details for synthesis of nonradioactive MRS2279 and the precursor molecules are provided in our previous studies .
The potential use of [ 3 H]MRS2279 as a P2Y1-R radioligand was tested initially using membranes prepared from wildtype Sf9 insect cells or membranes prepared from Sf9 cells infected with recombinant baculoviruses for the human P2Y 1 , P2Y 2 , or P2Y 12 receptors. Specific binding of [ 3 H]MRS2279 was defined in these experiments using the P2Y1-R agonist 2MeSADP at an anticipated saturating concentration of 10 M. Essentially no binding of [ 3 H]MRS2279 was detected either in the absence or presence of 10 M 2MeSADP in membranes from wild-type Sf9 cells or in mem- Fig. 2A) . High-level expression of the P2Y 2 and P2Y 12 receptors was confirmed in these membranes by immunoblots (data not shown). In contrast, specific binding (3.5 pmol/mg protein at 6 nM [ 3 H]MRS2279) accounted for 98% of total ligand binding in P2Y1-R expressing membranes ( Fig.  2A) , and the amount of binding was directly proportional to the amount of membrane in the assay (Fig. 2B ). Thus, [ 3 H]MRS2279 binds to Sf9 membranes in a manner that is absolutely dependent on the expression of the P2Y1-R, but not other adenine nucleotide-recognizing P2Y receptors. As such, P2Y1-Sf9 membranes were used to delineate the properties of binding of [ 3 H]MRS2279 to the human P2Y1-R. The receptor binding kinetics of [
3 H]MRS2279 were defined in preliminary time course experiments performed at 4°C versus 30°C. Although maximal binding was similar at both temperatures, the binding of [ 3 H]MRS2279 at steady state was somewhat more stable with time at 4°C than at 30°C. Therefore, subsequent assays were primarily performed at 4°C. As illustrated in Fig. 3 , binding of 5 nM [ 3 H]MRS2279 to P2Y1-Sf9 membranes was rapid, reaching an apparent steady state within 5 min that was maintained for at least 60 min. Rate plots (Fig. 3, inset) (Fig. 4) . First orderrate plots revealed a linear relationship between binding and time (Fig. 4, inset) , and a first-order rate constant (k 2 ) for dissociation of 0.72 min Ϫ1 was calculated. A kinetically derived K d (k 2 /k 1 ϭ K d ) of 10 nM resulted from these independent determinations of the forward and reverse rate constants.
Saturation binding kinetics were determined by varying the concentration of [ 3 H]MRS2279 over a 300-fold range. As illustrated in the saturation and Scatchard plots in Fig. 5, [ 3 H]MRS2279 binding was saturable and occurred to an apparently homogeneous population of sites with a K d of 7.8 Ϯ 1.1 nM (n ϭ 3 independent determinations) and a B max of 6.8 Ϯ 0.2 pmol/mg of protein in the P2Y1-Sf9 membranes. A K B of 8 nM was obtained in our earlier studies of the activity of MRS2279 as a competitive antagonist at the human P2Y1-R stably expressed in 1321N1 human astrocytoma cells The pharmacological selectivity of the binding of [ 3 H]MRS2279 to P2Y1-Sf9 membranes was determined in a series of competition curves with molecules known to bind to the P2Y1-R and other P2Y receptors (Fig. 6A and Table 1) . Antagonist molecules previously shown to interact with the P2Y1-R exhibited K i values similar to the K B values of these molecules determined in experiments measuring their capacity to inhibit P2Y1-R signaling. Thus, a K i value of 13 nM was obtained for MRS2279 and the K i value of a similar highaffinity bisphosphate molecule MRS2179 developed by our group was 84 nM (Table 1) . In contrast, one of the originally identified adenosine bisphosphate antagonists (Boyer et al., 1996a) , adenosine 3Ј,5Ј-bisphosphate, exhibited a K i of 1.5 M. Similarly, PPADS and suramin, which are antagonists at the P2Y1-R as well as many other P2Y and P2X receptors, exhibited K i values of 6 and 5 M, respectively.
The binding of nucleotide agonists of the P2Y1-R also was studied with P2Y1-Sf9 membranes ( Fig. 6B and Table 1 ). The order of potency for inhibition of [ 3 H]MRS2279 binding was 2MeSADP Ͼ 2MeSATP Ͼ ADP Ͼ ATP Ͼ adenosine-5Ј-O-(3-thio)triphosphate. In contrast UTP, UDP, GTP, CTP, and A 2 P 2 had no effect on [ 3 H]MRS2279 binding at concentrations as high as 100 M. We and others have previously reported that the human P2Y1-R exhibits high selectivity for adenosine diphosphate molecules and that relative effects of ATP or 2MeSATP on P2Y1-R signaling are difficult to establish because of the possible (and difficult to quantitate at the level of the receptor) conversion of ATP to ADP. Thus, we were concerned that the K i values determined for ATP in were erroneous because of conversion of ATP to ADP during incubation of the nucleotides with membranes. To assess this possibility we carried out an experiment in which the rates of hydrolysis of ATP and ADP were determined with P2Y1-Sf9 membranes under the conditions of the radioligand binding assay (Fig. 7) . ATP hydrolysis occurred under these conditions, and approximately 20% of the beginning nucleotide was in the form of ADP after a 20-min incubation. ADP also was metabolized with a 50% decrease in diphosphate and a coincidental appearance of AMP and ATP occurring during a 20-min incubation. These results are consistent with the presence of both ATPase and adenylate kinase activities in the membrane preparation. Moreover, these results indicate that calculation of reliable K i values for nucleotide agonists is not feasible under the conditions of these assays although incubations were at 4°C with small amounts (7 g/assay) of Sf9 cell membrane protein.
The results presented thus far indicate that [ 3 H]MRS2279 is an excellent radioligand for the human P2Y1-R expressed at high levels in Sf9 cells. In other studies, we have solubilized the human P2Y1-R and purified it to near homogeneity (G. L. Waldo and T. K. Harden, in preparation). Thus, it also was important to establish the usefulness of [ 3 H]MRS2279 as a radioligand for the P2Y1-R solubilized from Sf9 membranes using the detergent digitonin. A saturation binding isotherm illustrated high-affinity saturable binding of [ 3 H]MRS2279 to soluble human P2Y1-R in the presence of digitonin (Fig. 8) binding with an order of potency similar to that expected from previous studies of the human platelet P2Y1-R (Fig. 9A ). 2MeSADP and ADP (IC 50 ϭ 1 and 7 M, respectively) also potently inhibited (Fig. 9B ) in both intact platelets and platelet membranes. A representative saturation-binding isotherm in intact platelets is presented in Fig. 9B . An average K d of 23 Ϯ 6 nM (n ϭ 7 experiments) was obtained for intact platelets. A value of 5 to 35 receptors per platelet was determined with different out-dated platelet preparations obtained from multiple donors of various blood types. The B max for [ 3 H]MRS2279 binding in platelet membranes was 170 fmol/mg protein.
The properties of the P2Y1-R are similar across mammalian and avian species. Therefore, we anticipated that results obtained with [ 3 H]MRS2279 and the human P2Y1-R would be applicable to other mammalian P2Y1-R. A key goal of these studies was to extend this binding assay to rat tissues. As such, we examined the binding properties of [
3 H]MRS2279 in rat brain membranes. 
Discussion
MRS2279 was developed by our laboratories as a selective high-affinity non-nucleotide antagonist for the P2Y1-R (Nandanan et al., . Usefulness of this molecule is significantly extended here by demonstrating methodology for its radiolabeling to high specific radioactivity with tritium and for its application as a radioligand in the first widely useful radioligand binding assay for a P2Y receptor. Interaction of [ 3 H]MRS2279 with a single high-affinity (K d ϭ 5-10 nM) binding site was observed across a broad range of P2Y1-R-expressing tissues, and the pharmacological selectivity of this binding site was consistent with selective high affinity interaction with the P2Y1-R. Development of [ 3 H]MRS2279 as a radioligand has followed from our program to synthesize non-nucleotide antagonists for the P2Y1-R. Two major observations have contributed to this success. First, we discovered that bisphosphate analogs of adenine nucleotides were partial agonists or fully competitive antagonists of the P2Y1-R while exhibiting little or no activity at other P2Y receptors (Boyer et al., 1996a) . Second, we discovered that the ribose moiety was dispensable in ligand interaction with P2Y1-R Nandanan et al., 2000) . We followed this observation by generating a series of acyclic-, carbocyclic-, or methanocarba-substitutions of the ribose in the adenine nucleotide backbone of bisphosphate analogs that have retained considerable affinity for the P2Y1-R , Kim et al., 2001 . Some of the most promising of these molecules included methanocarba replacement of the ribose, and MRS2279 exhibits the highest P2Y1-R binding affinity of this series . Given that these molecules lack a nucleotide structure, they would not be expected to bind avidly to the thousands of proteins in mammalian genomes that recognize nucleotides. This has been illustrated experimentally with MRS2279, first in experiments showing that this molecule competitively blocks agonist-stimulated activity at the P2Y1-R but not at six other P2Y receptors that are activated by nucleotides , and now with [ 3 H]MRS2279, which binds to the recombinant P2Y1-R but not to the P2Y 2 or P2Y 12 receptor expressed to very high levels in Sf9 insect cells. The low level (Ͻ20 fmol/mg protein . Interestingly, the only tissue in which binding of [ 3 H]MRS2279 to the P2Y1-R was not entirely reliable was turkey erythrocyte membranes. This is ironic given the great value of the turkey erythrocyte P2Y1-R as a model system for developing a variety of useful P2Y1-R agonists and antagonists, including MRS2279 (Boyer et al., 1996a (Boyer et al., ,b, 1998 . The density of P2Y1-R binding sites on the turkey erythrocyte is very low (Ͻ 20 fmol/mg) based on our studies with [ 3 H]MRS2279. Our earlier Schild analyses also revealed a somewhat lower K i (pK B ϭ 7.75) of MRS2279 for the turkey P2Y1-R , and perhaps dissociation of bound radioligand from the turkey receptor or the necessity of higher concentrations (and therefore more nonspecific binding) may also contribute to difficulty in detecting P2Y1-R binding with [ 3 H]MRS2279 in turkey erythrocyte membranes. Nonetheless, data obtained with human platelets and rat brain underscore more relevant observations for application of [ 3 H]MRS2279 to study the properties, regulation, and distribution of P2Y1-R in physiologically important mammalian tissues. The availability of [ 3 H]MRS2279 as a radioligand for the P2Y1-R also makes possible direct determination of the binding affinity of agonists for this receptor. Estimation of binding affinities for agonist molecules by measuring tissue responses is inexact at best, and specific problems are encountered with nucleotides because of their high rates of hydrolysis and interconversion by tissues. Thus, although it is important to define the relative affinities of ADP versus ATP for the P2Y1-R and the agonist versus antagonist action of ATP, these questions have not been unambiguously answered despite much effort by several laboratories (Hechler et al., 1998; Palmer et al., 1998; Simon et al., 2001) . The application of [ 3 H]MRS2279 in a radioligand binding assay for the P2Y1-R provides for the first time a means for direct assessment of agonist/receptor interaction but does not fully circumvent problems that have plagued understanding of ADP versus ATP action at the P2Y1-R in the past. That is, incubation with membrane preparations results in nucleotide metabolism; therefore, radioligand binding experiments with [
3 H]MRS2279 face much the same problems as encountered in tissue or second messenger responses. Indeed, membrane preparations have the added contribution of high activities of intracellular nucleotidases not encountered in studies of P2Y1-R in intact cells. High-level expression of the P2Y1-R in Sf9 insect cells allows assays with small amounts of membrane and therefore reduced hydrolysis of nucleotides. Nonetheless, as illustrated in Fig. 7 3 H]MRS2279 should prove very useful in studying P2Y1-R distribution and regulation in both human and laboratory animal tissues. The radiostability of the tritium-labeled compound has obvious advantages, but we also are in the process of producing 33 P-labeled MRS2279, which should be useful for quantitation of P2Y1-R in tissues in which expression is low. In addition, the aforementioned problems inherent in studying nucleotide agonists will be reduced by the increased specific radioactivity of a 33 P-labeled molecule allowing assays with much less tissue and therefore less endogenous nucleotidase activity.
Attempts to label P2Y1-R with radiolabeled agonists have been problematic. We originally proposed that [
35 S]ADP␤S was a useful radioligand for the P2Y1-R on avian erythrocyte membranes (Cooper et al., 1989) . Although the selectivity of molecules for inhibition of binding correlated with their activities for activation of phospholipase C through the P2Y-R, we have been unable to obtain unambiguous data proving that the [ 35 S]ADP␤S binding site(s) in turkey erythrocyte membranes indeed represented P2Y1-R binding alone. Furthermore, we were unable to convincingly apply this assay to mammalian tissues or preparations expressing native or recombinant P2Y1-R (Harden et al., 1995) . Similarly, [ 35 S]deoxyadenosine 5Ј(␣-thio)triphosphate has been proposed to label P2Y1-R and other P2Y receptors in various mammalian tissues and in Cos-7 cells transiently expressing the P2Y1-R (Simon et al., 1995a (Simon et al., ,b, 1997 Akbar et al., 1996; Webb et al., 1996 Webb et al., , 1998 . Experiments from our laboratory revealed a very large amount of nonspecific binding of this molecule to membranes in the absence of P2Y1-R expression (Schachter and Harden, 1997) , and Motte et al. (1996) concluded that radiolabeled nucleotides were not reliable P2Y receptor radioligands. In addition, the density of binding sites (16 -71 pmol/mg protein) reported with deoxyadenosine 5Ј([␣-35 S]thio)triphosphate for various guinea pig, rabbit, and rat tissues far exceeds the Ͻ1 pmol/mg protein density of binding sites observed for most neurotransmitter and hormone receptors in target tissues. Moreover, the [ protein, which is similar to the density of many different neurotransmitter receptors in the brain and is greater than 100-fold lower than the density of deoxyadenosine 5Ј ([␣-35 S]thio)triphosphate binding sites (39 pmol/mg protein) reported for rat brain membranes (Simon et al., 1995a) . More recently, Baurand et al. (2001) have 33 P-labeled a P2Y1-R antagonist molecule, MRS2179, also previously developed by our group . This molecule was shown to bind to intact human platelets with relatively high affinity (K d ϭ 109 nM). Binding was inhibited by nonradioactive MRS2179 and by adenosine 3Ј,5Ј-bisphosphate with K i values similar to those observed in studies of these two compounds as competitive antagonists of P2Y1-Rpromoted responses. Application of [ 33 P]MRS2179 to the study of P2Y1-R in other tissues was not reported. The 5-to 10-fold higher affinity of MRS2279 than MRS2179, as well as the fact that MRS2179 is a true nucleotide analog whereas MRS2279 is not, are two important advantages inherent in the structure of MRS2279.
In summary, we have developed a binding assay for P2Y1-R using a radiolabeled antagonist that has evolved from a series of studies designed to produce high-affinity P2Y1-R selective antagonists. This molecule is applicable for the study of recombinant P2Y1-R in membrane or soluble forms and natively expressed P2Y1-R in human, rat, and mouse tissues. This receptor assay should prove valuable in furthering our understanding of the biological significance and regulation of the P2Y1-R and for further drug development for this therapeutically important target protein.
